Abstract-Hydrogen sulfide (H 2 S) and NO are important gasotransmitters, but how endogenous H 2 S affects the circulatory system has remained incompletely understood. Here, we show that CTH or CSE (cystathionine γ-lyase)-produced H 2 S scavenges vascular NO and controls its endogenous levels in peripheral arteries, which contribute to blood pressure regulation. Furthermore, eNOS (endothelial NO synthase) and phospho-eNOS protein levels were unaffected, but levels of nitroxyl were low in CTH-deficient arteries, demonstrating reduced direct chemical interaction between H 2 S and NO. Pretreatment of arterial rings from CTH-deficient mice with exogenous H 2 S donor rescued the endothelial vasorelaxant response and decreased tissue NO levels. Our discovery that CTH-produced H 2 S inhibits endogenous endothelial NO bioavailability and vascular tone is novel and fundamentally important for understanding how regulation of vascular tone is tailored for endogenous H 2 S to contribute to systemic blood pressure function.
B esides NO and carbon monoxide, hydrogen sulfide (H 2 S) is considered to be the third gasotransmitter. [1] [2] [3] [4] [5] [6] [7] Ever since the early suggestion that H 2 S is an endogenous gaseous vasodilator, 8 the role(s) of H 2 S in the cardiovascular system have been under active investigation. In the article that hallmarked the field of H 2 S research, Yang et al suggested that the deletion of the H 2 S-producing enzyme CTH or CSE (cystathionine γ-lyase) in mice results in hypertension. H 2 S is endogenously produced by the action of 3 enzymes, CTH or CSE, CBS (cystathionine β-synthase), and 3-mercaptopyruvate sulfurtransferase, all involved in cysteine catabolism. 1, 9 The CTH/ H 2 S pathway has been implicated in various cardioprotective effects. [10] [11] [12] [13] CTH exhibits antiatherosclerotic effects through reduction of chemotactic factors, ICAM-1 (intercellular adhesion molecule 1) and CX3CR1 (CX3C chemokine receptor 1), inhibition of macrophage lipid uptake. 14 The role of CTH in blood pressure (BP) regulation is incompletely understood. In CTH deficiency, diminished endothelial K ATP (ATP-dependent potassium) channel-mediated relaxation of systemic arteries has been proposed to result in systemic hypertension. 11 As such, H 2 S has been suggested to represent the major endothelium-derived hyperpolarizing factor, 11, 15 although this suggestion is not consistent with other findings because IK/SK-type (Ca 2+ activated) K + channels (not K ATP channels) have been primarily implicated in the endotheliumderived hyperpolarizing factor response in the same vascular preparation. 16, 17 On the other hand, cardiovascular effects of endogenous H 2 S could result from interactions with endothelial NO/cyclic guanosine monophosphate (cGMP) pathways. Both exogenous and endogenous H 2 S were capable to limit NO bioavailability by directly interacting with NO to produce nitroxyl. 18, 19 However, this idea is contrasted by recent findings indicating that exogenous H 2 S can increase endothelial NO production by its ability to phosphorylate eNOS (endothelial NO synthase) via the PI3K (phosphatidylinositol 3-kinase)/Akt pathway. 12, 20 The latter effect, together with cGMP accumulation via inhibition of phosphodiesterase E5, has implicated the possibility of a cooperative action by the 2 gasotransmitters, H 2 S and NO, for arterial relaxation. 20 Finally, cardiovascular effects by endogenous H 2 S could result from CTH-produced H 2 S in perivascular adipose tissue (PVAT) to control K v (KCNQ) channels in vascular smooth muscle cells. 2, [21] [22] [23] The role of CTH-produced H 2 S in the pulmonary circulatory path is unknown.
In this study, we hypothesized that CTH-produced endogenous H 2 S plays an important functional role in the cardiovascular system by interfering with the endothelial NO/eNOS signaling pathway. In addition, we address a possible role of CTH-derived H 2 S in hypoxic pulmonary vasoconstriction.
Methods
Data is available on request from the authors.
Animal studies were performed according to Protocols for the Care and Use of Laboratory Animals in Berlin, Germany.
BP and heart rate measurements were done using radiotelemetry. 24, 25 Isometric contraction measurements were performed. 26 NO levels were measured using Fe(DETC) 2 -trapping method, electron spin resonance detection, 27 and by fluorescence from DAF-FM-DA-NO. 28 H 2 S and NO levels were quantified using monobromobimane approach or DAF-FM, respectively. 28, 29 Fluorescent microscopy was performed using DAF and Washington State Probe-1. 30 Nitroxyl detection was done using CuBOT1.
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Statistics
All values given are mean±SEM. Paired and unpaired Student t tests or ANOVA were used as appropriate.
Materials and Methods are available in the online-only Data Supplement. 
Results
H 2 S and NO Levels in Mesenteric Arteries
Cth mRNA was detectable in all tested tissues of Cth +/+ but not in Cth -/-mice ( Figure 1A ). CTH protein levels were detected as ≈44 kDa bands ( Figure S1 in the online-only Data Supplement). CTH protein was not detected in mesenteric arteries of Cth -/-mice ( Figure 1B ). mRNA and protein levels of both CBS and 3-mercaptopyruvate sulfurtransferase were unchanged in mesenteric arteries after Cth gene deletion ( Figure S2 ). Furthermore, Mpst and Cbs mRNA expression levels were also not affected in liver and aorta ( Figure S2A and S2B). We assessed basal endogenous levels of H 2 S and NO in mesenteric artery rings by fluorescence microscopy using specific fluorescent probes, Washington State Probe-1 and 4-amino-5-methylamino-2′,7′-difluoresceine diacetate (DAF-FM-DA), respectively ( Figure S3 ). Lower H 2 S but higher NO signals were detected in Cth -/-arterial rings, compared with Cth +/+ arteries ( Figure 1C ). Similar results were obtained by using monobromobimane and DAF-FM methodological approaches ( Figure 1D ). Although H 2 S levels dropped from 24±5 in wild type to 10±2 nmol/g in Cth
, NO levels increased from 5±2 to 11±3 nmol/g ( Figure 1D ). eNOS and phospho-eNOS (Ser1177) protein expressions were similar between Cth +/+ and Cth -/-mesenteric arteries (Figure 2A and 2B).
We next measured the levels of H 2 S and NO in the tissue extracts of mesenteric artery rings that were subjected to acetylcholine stimulation (using the fluorescent probe Washington State Probe-1 and Fe[DETC] 2 trapping method followed by electron spin resonance detection, respectively). Acetylcholine resulted in lower H 2 S levels but higher NO levels in tissue extracts of Cth -/-mesenteric arteries ( Figure 3A and 3B). Furthermore, higher NO levels were measured in the bath solution of mesenteric arteries isolated from Cth -/-mice and stimulated by acetylcholine ( Figure S4 ). In accordance with increased NO levels in Cth -/-arteries, we observed higher cGMP levels ( Figure S5 ). We also measured endogenous levels of nitroxyl-product of direct reaction of NO and H 2 S. 19, 30 Nitroxyl levels were reduced in mesenteric arteries of Cth -/-mice compared with Cth +/+ mice ( Figure 1E ), consistent with our previous observations on dura mater in rats treated with H 2 S inhibitors.
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Systemic BP Regulation
There were no significant differences between Cth genotypes in both systolic BPs (SBPs) and heart rates ( Figure 4A and 4B); however, both mean arterial BPs (MAPs) and diastolic BPs were lower in Cth -/-mice, compared with Cth +/+ mice ( Figure 4C and 4D). l-NAME increased SBP/diastolic BP and decreased heart rate, and notably, it abolished the BP differences between Cth -/-and Cth +/+ mice ( Figure 4A , 4B, and 4D). Next, we studied the role of CTH in the autonomic BP control. Both MAP and heart rate responses to either atropine (2 mg/kg) or prazosin (1 mg/kg) were not significantly different between Cth +/+ and Cth -/-mice ( Figure S6 ). Spontaneous baroreflex sensitivity was not different between Cth -/-and Cth +/+ mice ( Figure S7 ).
CTH, eNOS, and Endothelial Relaxation
Acetylcholine was a more potent vasodilator in Cth -/-arteries compared with Cth +/+ arteries ( Figure 5A and 5B). l-NAME (300 µmol/L, 30 minutes) abolished this difference ( Figure 5C ). Moreover, l-NAME (300 µmol/L, 30 minutes) in combination with charybdotoxin (CTx, IK Ca channel blocker, 100 nmol/L)/apamin (Apa, SK Ca channel blocker, 100 nmol/L) almost completely abolished the acetylcholine effects in both Cth +/+ and Cth -/-arteries ( Figure 5D ). Acetylcholine-induced relaxation was completely abolished by removal of the endothelium ( Figure S8 ). Glibenclamide (K ATP channel blocker, 1 µmol/L) did not affect acetylcholine relaxations in both Cth +/+ and Cth -/-arteries ( Figure S9A and S9B), which argues against an important contribution of K ATP channels in CTHproduced H 2 S, previously reported by others. 15 Pretreatment of mesenteric rings from Cth -/-mice with exogenous H 2 S donor sodium hydrosulfide (30 µmol/L, 30 minutes) rescued the acetylcholine response ( Figure S10 ) and decreased tissue NO levels after stimulation with acetylcholine ( Figure S11 ). By contrast, the NO donor sodium nitroprusside and the adenylate cyclase activator forskolin induced similar relaxations in both Cth +/+ and Cth -/-arteries ( Figure S12A and S12B, respectively). These effects could not be linked to eNOS or its phosphorylation because both eNOS and phospho-eNOS (Ser1177) protein levels were similar in Cth +/+ and Cth -/-arteries (Figure 2A and 2B).
Periadventitial and Pulmonary Vasoregulation
In mesenteric arteries, presence of PVAT [fat (+)] diminished the contractile effects of 5-HT (serotonin, 3-1000 nmol/L); however, lack of CTH did not influence this anticontractile effects ( Figure 6 ). l-NAME treatment of vessels did not influence the anticontractile effects of PVAT in endotheliumdenuded Cth +/+ arteries ( Figure 6 ). Despite lower basal H 2 S but higher basal NO levels in lung extracts from Cth -/-mice ( Figure S13A and S13B), surprisingly, CTH deletion had no impact on mean pulmonary arterial pressure in isolated perfused lungs ( Figure S14A) . Furthermore, the hypoxia-induced pressure response of pulmonary vasculature was not significantly different between Cth +/+ and Cth -/-lungs, irrespective of the absence (HOX [hypoxic ventilation] 1) or presence of HOX2 and treatments with l-NAME/indomethacin ( Figure S14B ). There were no differences in airway resistance and dynamic lung compliance between Cth 
Discussion
Our results provide first evidence that CTH-produced H 2 S is an important gasotransmitter in the cardiovascular system to interact with the endogenous NO-signaling pathway. The major findings of this study are 2-fold. First, the lack of CTHproduced H 2 S is associated with higher NO bioavailability in peripheral arteries. This effect contributes to reduced MAP and increased endothelium-dependent relaxation. Second, we show that this effect plays a negligible role in basal pulmonary arterial pressure or hypoxic pulmonary vasoconstriction, which is believed to be counteracted by endogenous NO.
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CTH and Systemic BP Regulation
The purpose of this study was to investigate the role of CTH in systemic BP regulation by using state-of-the art radiotelemetry in conscious, nonanesthetized mice. In a previous study, Yang et al measured BP of anesthetized Cth -/-mice on a mixed strain background using invasive techniques. The authors found profoundly increased SBP in Cth -/-mice, compared with Cth +/+ mice. 11 In contrast, we used offsprings from the mating between Cth +/-females and Cth +/-males that had been backcrossed over 10 generations to C57BL/6 background. 32 Aside from different genetic backgrounds of the mice used, the invasive approach or anesthesia might have played a role in the results by Yang et al. 11 Although our results seemingly appear to be in contradiction with most of the published data, they in fact shed light on some of the less-studied areas of the existing literature. Namely, although the vasodilatory effects of H 2 S donors are undisputable when applied at pharmacological doses, low doses of H 2 S are found to act in an opposite way on peripheral resistance. As such, propargylglycine reduced SBP in angiotensin II-induced hypertension in rats. 33 Moreover, low concentrations of sodium hydrosulfide increased MAP in rats and sheeps. 3, 4 Furthermore, H 2 S induced coronary vasoconstriction in the presence of NO in mice. 34 Our findings are also in line with our previous analysis demonstrating unaltered 
SBP in conscious, nonanesthetized Cth
-/-mice (on C57BL/6 background) using the tail-cuff method. 32 In the present study, we found decreased MAP in conscious, nonanesthetized Cth -/-mice, which primarily results from reduced diastolic BP. Because l-NAME treatment of Cth -/-mice increased diastolic BP and MAP to levels similar to Cth +/+ mice, eNOS/ NO-dependent mechanisms are likely involved. Our results indicate that differences in autonomic cardiovascular control do not contribute to the observed BP effects.
Our results prompted us to investigate interactions between CTH/H 2 S and eNOS/NO in peripheral arteries. We found lower H 2 S levels in both unstimulated and acetylcholine-stimulated mesenteric arteries from Cth -/-mice compared with those from Cth +/+ mice. These results were associated ) or l-NAME (300 µmol/L)+charybdotoxin (CTx, 100 nmol/L)+apamin (Apa, 100 nmol/L; D; n=6 rings from 3 animals each) diminished the differences in ACh relaxations between both Cth genotypes. Data are means±SEM; *P<0.05 by unpaired t test. Proposed role of CTH (cystathionine γ-lyase) produced hydrogen sulfide (H 2 S) in endothelial regulation of arterial tone in the systemic circulation (E). CTH-produced H 2 S reduces arterial NO bioavailability and endothelium-dependent relaxations, which contribute to blood pressure regulation. The effects occur by a direct CTH/H 2 S and NO interaction with formation of nitroxyl (HNO) in the upstream of vasodilatory cGMP/cAMP-signaling cascades. In the absence of NO, exogenous H 2 S (sodium hydrosulfide [NaHS] ) is capable of producing relaxations involving K V (KCNQ) and K ATP channel pathways. n.s. indicates nonsignificant.
with increased NO levels and enhanced acetylcholine-induced endothelial relaxations. Moreover, acetylcholine-induced relaxations were similar between Cth -/-and Cth +/+ arteries after eNOS or K ATP inhibition or the combined inhibition of eNOS plus IK Ca and SK Ca channels. They were abolished by removal of the endothelium. Taken together, these results support the concept that endothelial CTH/H 2 S pathway is interfering with eNOS/NO pathway, but not with endothelium-derived hyperpolarizing factor/K ATP channel signaling, to induce endothelial relaxation. Because relaxations in response to sodium nitroprusside or forskolin were comparable between Cth -/-and Cth +/+ arteries, H 2 S and NO may interact in the upstream of the vasodilatory cGMP/cAMP-signaling cascades.
H 2 S/NO Interactions
A possible interaction between H 2 S and eNOS/NO has long been speculated. 1 H 2 S could regulate NO levels in 2 ways: (1) by affecting eNOS and cGMP levels or (2) by a direct scavenging of NO. Colleta et al found that the actions of H 2 S and NO converge at cGMP levels; though H 2 S does not directly activate soluble guanylyl cyclase but induces a tonic inhibitory effect on phosphodiesterase E5, which delays the degradation of cGMP. In their study, H 2 S also activates PI3K/Akt and increases eNOS phosphorylation at its activating site Ser 1177 . Based on these findings, the authors concluded that the cooperative action of the 2 gasotransmitters on maintaining intracellular cGMP levels is essential for the PKG (protein kinase G) activation and relaxation. 20 Higher cGMP levels measured in Cth −/− arteries and the lack of differences in endothelium-independent relaxations in response to sodium nitroprusside or forskolin between Cth -/-and Cth +/+ arteries observed in our study argue against an important role of phosphodiesterase E5. Indeed, H 2 S-induced regulation of eNOS has always been proposed to modulate its stimulation, 12, 35 which is in contradiction with all key findings in our study (no change in eNOS expression levels and phosphorylation of eNOS at Ser 1177, lower MAP, higher NO levels, and increased vascular sensitivity to acetylcholine in Cth -/-mice). We propose that the direct interaction between H 2 S and NO is required for vascular CTH/H 2 S relaxation in the murine vasculature. Earliest studies showed that S-nitrosothiols could react with H 2 S, 36,37 which was later revised for the direct reaction of NO and H 2 S. 18 ,19 H 2 S has been shown to readily react with NO to form nitroxyl. 19 Our nitroxyl imaging data demonstrate the presence of this chemical reaction in mesenteric arteries from Cth -/-mice. This is in agreement with our previous observations in rat dura mater treated with the inhibitors of H 2 S-producing enzymes. 30 Of note, Cortese-Krott et al 38 proposed that besides nitroxyl, SSNO − could be a reaction product of NO/H 2 S cross talk. However, parallel studies on purified SSNO − salt showed instability of this compound and rather inability to exist in water. 39 Rather than acting alone as activator of vasodilation, endogenous H 2 S scavenges NO and controls its levels, possibly preventing overproduction of cGMP. The profound leftward shift in acetylcholine dose-dependent relaxation of mesenteric arteries and increased tissue levels of NO in Cth -/-mice support such a scenario. Moreover, the marked increase of acetylcholine-induced relaxation in Cth -/-mice was reversible after rescuing H 2 S by sodium hydrosulfide. Of note, formed nitroxyl could also have its own signaling effects, such as regulation of neuronal blood flow. 19 Recent study by Yuan et al 40 also suggested that higher cGMP levels could act inhibitory to CTH-catalyzed H 2 S production, which can additionally contribute to complexity of H 2 S/NO cross talk. Therefore, further studies are required to investigate the precise mechanism(s) of the inhibitory action of CTH/H 2 S on eNOS/NO in the cardiovascular system. Finally, Cth deletion would not only affect H 2 S levels in vivo (because this enzyme is not the only H 2 S synthase) but is also expected to influence cysteine metabolism and levels of many amino acids (including cysteine, glutathione, taurine, methionine, homocysteine, and S-adenosylmethionine), which could have effects on NO metabolism and other pathways.
Role of Other Sulfur Metabolites
In the past few years, several studies pointed toward a possible role of oxidation products, such as polysulfides, in H 2 S effects. 41 Although the pharmacological effects of polysulfides are undisputable, their role in signaling is yet to be proved. 9 Their chemical instability and difficulty to accurately measure make them unlikely candidates for the effects observed here. 9 Our results argue against the recent suggestion that the polysulfides produced in the reaction of NO and H 2 S could play a role in vasodilation 42 because in the Cth −/− mice, their levels should be diminished (but not produced). However, post-translational modification of cysteine residues, called protein persulfidation (or alternatively S-sulfhydration), could be responsible for some of the effects observed here. 9 Namely, our previous studies showed that persulfidation levels in Cth −/− mice are significantly reduced in a tissue-specific manner. 39 Thus, it is plausible that the reduced persulfidation in Cth −/− mice results in the impaired eNOS/NO signaling. One likely target is cGMP-dependent protein kinase Iα that has been shown to become activated on cysteine oxidation. 43 Further mechanistic studies are needed to confirm these findings and to clarify the underlying molecular mechanisms.
Pulmonary and PVAT Vasoregulation
Despite the lower H 2 S levels and higher NO levels in Cth -/-lungs, mean pulmonary arterial pressure was not affected by CTH deficiency. Our results argue against the important role of CTH-produced H 2 S in the pulmonary circulation of mice because both the first (HOX 1; without l-NAME) and the second hypoxic pulmonary vasoconstriction (HOX 2; with l-NAME) were similar between Cth -/-and Cth +/+ perfused lungs. Noteworthy, H 2 S and NO levels were measured in whole-lung tissue but not isolated pulmonary arteries. Thus, it cannot be ruled out that the differences in H 2 S and NO levels were because of nonvascular cells in the lungs, that is, alveolar epithelial cells, macrophages, eosinophils, and neurons. 44 Recent studies propose a paracrine role for PVAT in the control of arterial vascular tone. 45, 46 Although several adipokines have been identified, a still unidentified adipocytederived relaxing factor plays a major role in this prototype of vasoregulation. 46 CTH/H 2 S is a candidate of adipocytederived relaxing factor. 2, 22 CTH inhibitors, including propargylglycine or β-cyanoalanine, inhibit adipocyte-derived relaxing factor effects in aortas of rats 23 but not mice. 2 It is possible that they are weak CTH inhibitors in the murine vasculature. Our data using Cth -/-arteries provide firm evidence that CTH/H 2 S is not involved in PVAT regulation of arterial tone in mice. Noteworthy, blockade of NOS by l-NAME also failed to affect the PVAT effects, suggesting no role of NOS in this regulation in mice, as suggested earlier for rats.
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Perspectives
In summary, our findings shed a new light on the function of endogenously produced H 2 S in peripheral arteries ( Figure 5E ). Our results show that one of the major roles of CTH-produced H 2 S in the murine circulation is to reduce endothelial NO bioavailability and relaxation, which contributes to peripheral artery resistance and BP. Better understanding of the roles of CTH in the vasculature 49 might reveal future therapeutic targets for treatment of cardiovascular disease. 
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